The role of CO2 -enhanced coalbed methane production in the global CCS strategy  by van Bergen, Frank et al.
Available online at www.sciencedirect.com
   
 
Energy  Procedia  00 (2010) 000–000 
 

	

 
www.elsevier.com/locate/XXX
 
GHGT-10 
The role of CO2-Enhanced Coalbed Methane production  
in the global CCS strategy 
Frank van Bergena*, Tim Tambacha, Henk Pagniera 
aTNO, PO Box 80015, 3508 TA, Utrecht,The Netherlands  
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Subsurface coal seams are generally considered as important potential geological media for underground storage 
of carbon dioxide, but this is a more complex option than other storage options. The required number of wells and 
the uncertainties due to the complexity were generally considered as main barriers and large-scale projects are hence 
pending after the initial pilot projects. However, CBM production is currently initiated in coal basins throughout the 
world, thereby providing more and more possibilities for application of storage of CO2 in coal in the future. 
Experience gained from other CCS projects will be essential 
 In this paper, it is recommended that – if feasible – future coal storage projects should be developed with 
horizontal injection wells in a mature CBM field that has seen peak production of CBM. The possibility of using 
horizontal wells for injection in coal should be tested first. An integrated approach aiming at local benefits through 
small-scale electricity generation or re-use of production water could have an clear added value. 
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1. Introduction 
Subsurface coal seams are generally considered as important potential geological media for underground storage 
of carbon dioxide (CO2). The estimate of the global CO2 storage capacity in coal fields is between 3 and 200 Gt 
CO2, compared to the vast potential in oil- and gas fields  for CO2 of 675-900 Gt CO2 (IPPC, 2005)., These figures 
represent the theoretical capacity and are therefore likely to be overestimated. The main reason for this 
overestimation is that due to infrastructural, societal and environmental constraints, it will be impossible to exploit 
all areas.  
Compared to other storage media, it is much more difficult to provide estimates of the realistic (or matched) 
capacity due to the complexity of the CO2-coal-methane-water system. This complexity was demonstrated by many 
laboratory studies that have been performed in the recent years. They resulted in a far better understanding of the 
system but did not provide sufficient generic rules for reliable capacity estimates. Furthermore, the realistic capacity 
will depend on the expected limited injectivity rates in low permeability coal, often in the range of 0.5 to 10 mD, as 
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shown by several field experiments. As a consequence, a large number of vertical injection wells are required to 
reach substantial CO2 storage amounts.  
During the last years the number of wells and the uncertainties due to the complexity were considered as main 
barriers to orchestrate wholesale projects and more attention has been given to storage in gas fields and aquifers. 
The question to be answered at this stage of the development of CCS is whether there is an interest to develop 
storage in coal seams as a greenhouse gas mitigation technology in the future and, if so, what would be the next 
steps on this road.  
2. Background 
The concept of storage in coal seams is based on the adsorptive capacity of the large internal surface area of the 
coal. Under in situ conditions, the coal often contains gas (mainly methane (CH4)) adsorbed on this internal surface 
area. This coalbed methane (CBM) is replaced by the injected CO2, storing it firmly and safely in the coal, while 
more CBM can be produced from the coal. The technology is therefore often referred to as enhanced coalbed 
methane (ECBM) production. From a storage point of view, the success of the operations depends on the ability to 
transport the injected CO2 into the coal bed. Transport of the injected CO2 and displaced fluids through coal is a 
combination of Darcy flow through interconnected fractures, or cleats, coupled with diffusive transport through the 
fine scale pore system of the intervening coal matrix. Darcy flow through the fractures in coal is relatively well 
understood (Van Wageningen and Maas, 2007). Even in low permeability reservoirs, hydraulic fracture stimulation 
can improve the near-well permeability of vertical wells to reach substantial injection rates (though still lower than 
desired for CCS). In order to reach the anticipated storage amounts, however, the diffusive transport from the cleats 
through the coal matrix towards the large internal storage space of the coal is essential. Understanding the behaviour 
of CO2, CH4, and water in the coal matrix, and the impact of these substances on the matrix transport properties of 
the coal, is key to evaluating the feasibility of ECBM production. The pore structure of coal matrix material is 
completely different from that of siliciclastic or carbonate rocks, which generally show a connected network of 
intergranular pores with dimensions of the order of micrometers to millimeters. Coal matrix material, i.e. excluding 
the cleats, contains pores at all sizes ranging from 2 nm to 10μm (Melnichenko et al., 2009). Most of the gas storage 
capacity of coal is related to the micropores, which make up a large part of the total porosity of the coal matrix and 
provide most of the surface area available for sorption processes. Transport of gas or fluid through coal is 
complicated by swelling of the coal due to sorption of gas or fluid molecules in the micropores of the coal matrix 
material, leading to permeability reduction in the cleats and shrinkage due to methane desorption. This has also been 
reported in field experiments (Reeves, 2003; Shi et al., 2008; Van der Meer and Fokker, 2003; Wong et al., 2007; 
Van Bergen et al., 2009a)  
3. Current status 
As mentioned before, several small-scale field tests have been carried out in the first half of this decade in the 
USA, Canada, Poland, Japan, and China, and some new initiatives have been started and partly executed (e.g. in 
Brazil and the US regional partnerships). However, upscaling towards larger scale projects (> 100,000 t/y) is still 
pending, although some developments are reported for China. This is probably to a certain extent due to the fact that 
a large number of wells and infrastructure is required, with associated costs, while success cannot be guaranteed. 
Still, there is much interest from many regions in the world, including emerging economies, which are facing 
CO2 reduction measures, and therefore CCS. Major parts of India, South Africa, and China have abundant 
unminable coal deposits, but at the same time few alternative options for CO2 storage. These countries are all coal-
based economies and are developing or will develop a coalbed methane industry. ECBM may become essential for 
climate-friendly energy production in such regions in the future and this is likely to become the main driver for 
further developments. Additionally, the complexity of the system provokes interest in the academic world, as shown 
by the many recent publications on the topic, which advance the fundamental understanding of the system.  
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To remove the main barriers for large-scale implementation, the following is suggested: 
1. Select a mature CBM field which reached peak production. Such a field is likely to be dewatered and 
depressurized, which facilitates injectivity and increases storage space. Also, the quality of the gas is not 
affected by potential mixing with injected CO2 during the primary production phase. Moreover, the investments 
in drilling and infrastructure are made for the exploitation of the methane, which could partly be re-used for 
CO2 injection. Several studies have shown that, although CO2 injection will enhance CBM production 
significantly, it is probably not sufficient to transform non-economic CBM production to economic production. 
As such, ECBM seems to be most feasible when it can be applied in an area with existing, thus commercial, 
CBM production. The disadvantage of this approach is the long time it can take, possibly several years after the 
start of CBM production, before CO2 injection starts. A tertiary phase in operations can be envisaged during 
which CBM production ceases while CO2 is still being injected, making this a pure storage operation in this 
phase.   
2. Reduce the number of vertical injection wells through the use of horizontal wells. Spectacular progress is 
reported for the development of horizontal wells in both CBM and shale gas exploitation. Currently, wells with 
a horizontal outreach of 1.5 to 2.5 km are drilled routinely. Modelling results indicate that injection rates 
improve significantly with horizontal wells (e.g. Durucan & Shi, 2009). However, to reach injection volumes 
similar to those anticipated for CO2 storage projects in depleted gas fields or aquifers (>1Mt per well per year), 
several new wells are required, which has to be taken into account in the spatial planning of the operation. 
Because today most wells, for example in China, are still vertical, site-specific operational strategy is required 
to combine vertical and horizontal wells. The mechanical stability of a horizontal injection well would be a 
further critical success factor. 
3. Try to develop an integrated approach for the scaled-up site, incorporating the streams of CO2, CBM and 
production water. This approach should limit the human foot print and create local benefit of the activities, e.g. 
through the re-use of produced water or small-scale local production of electricity. This approach may result in 
multiple smaller scale operations, rather than one concentrated effort.    
 
However, the suggestions above do not provide measurements to coop with the swelling behaviour of the coal, 
which will be one of the most critical factors determining the success of future ECBM operations. It is important to 
be able to control this swelling. Possibly, the use of horizontal wells for injection may help to keep injection rates 
substantially high despite swelling. Further field tests should provide insights into this.  
Further research on coal response to CO2 adsorption may improve the ability to select coal seams with non- or 
low swelling properties in an early stage. Also, a combination with neighbouring strata, such as sandstones, could be 
further investigated (e.g. Pan and Connell, 2010).   
4. Future outlook and concluding remarks 
The authors expect that storage of CO2 in coal will emerge in the near future following several worldwide 
developments. 
 First of all, it is expected that CBM production will take off throughout the world to exploit the CBM resources, 
estimated to be of the order of 83×1012 - 263×1012 m3 (Boyer II, 1998). Clearly, if CBM production appears to be 
feasible, it is likely that permeability and matrix transport properties are also satisfactory for ECBM. This 
development of CBM therefore also provides opportunities for ECBM, as indicated above. The development of a 
CBM industry will imply that costs for drilling will go down and technology will evolve, as clearly observed in 
shale gas drilling. 
Secondly, ECBM will benefit from the advances in CCS and the infrastructure that is likely to be constructed. 
Thirdly, the position of ECBM, with its specific advantages, can be perked up in the portfolio of storage options in 
certain regions because the realistic storage capacity of other options, like aquifers, may turn out to be lower than 
the theoretical capacity that is currently anticipated. 
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Figure 1: Different scenarios for future ECBM operations in combination with CBM. The base case a) represents the situation if CBM is 
produced without injection of CO2. Scenario 1 (b) is often envisaged for storage in coal seams in unexplored coal basins, where CO2 should be 
injected as early as possible to achieve emission reductions. Associated challenges with this scenario are the risk of an early breakthrough of the 
injected CO2 in the CBM production wells, thereby decreasing the caloric value of the gas, and the need for high injection pressures to overcome 
the high fluid pressure in the reservoir that is not yet dewatered. These issues can be resolved in scenario 2, where the formation water and 
therefore the fluid pressure in the coal are already depleted. Additionally, the possible breakthrough of CO2 is postponed until after the peak 
production when the majority of the high caloric CBM is already produced. Here, investments have been made during the primary CBM phase 
which do not need to be earned back from CO2 operations. In scenario 3, there is a third phase of continued CO2 injection. However, gas 
production is discontinued because of an uneconomically high CO2 concentration after breakthrough (modified after Van Bergen et al., 2009b 
and Van Bergen, 2009). 
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